Putrescine (1, 4-diaminobutane) and spermidine are aliphatic amines found in relatively large amounts in prokaryotes such as Escherichia coli. Roles for these polyamines have been suggested in nucleic acid and protein synthesis and in membrane stability (1, 3, 18, 21) .
Polyamines are also intimately involved in the phenomenon of osmotic adaption in E. coli. The intracellular putrescine content is especially high in cultures growing in media of low osmolarity (13) , and these cultures require large internal pools of' putrescine for rapid growth (10) . In media of low osmolarity, a normal polyamine complement is required for rapid phospholipid turnover (11, 12) . A sudden increase in external osmolaritv effects a rapid release of' intracellular putrescine to the medium, such loss being dependent upon simultaneous uptake of KI (13, 14) .
Present knowledge of putrescine transport rests on the work of' Tabor and Tabor (20) . For E. coli B grown in medium of' approximatelv 300 mosM, these authors reported a half'-maximal rate of' uptake at 0.2 ,uM putrescine. Spermidine and spermine did not compete for uptake; however, in at least 10-f'old excess, 1, 3-diaminopropane inhibited putrescine transport by 26%.
For a leucine auxotroph of E. coli B studied under similar conditions, Simon et al. (17) reported a half-maximal rate of uptake at about 1 Publication tno. 57() ot the Department of Biophysics anid Genetics, Universitv of Colorado Medical Center.
,uM putrescine. Uptake was said to be strongly inhibited in media of high ionic strength, although a possible osmotic basis for this inhibition was not evaluated.
In our laboratory, cells in media of' low osmolarity have been shown to take up putrescine at rates manyfold higher than cells in high osmolarity media (13) . Enhanced uptake of putrescine in such media can thus be used as a convenient tool for examination of the process of' putrescine transport in E. coli. Mutants defective in putrescine uptake have also been isolated and partially characterized. Putrescine uptake is shown to occur by two separate systems in E. coli: one system is probably present in cultures of both high and low osmolarity; the other system appears after prolonged growth in media of' low osmolarity.
MATERIALS AND METHODS Bacteria, media, and estimation of growth. The parent strain. E. coli K-12 (F-), was from the collection of H. V. Rickenberg and was originally obtained from J. Lederberg. The low-osmolarity minimal medium is a modification of M9 medium and has been described previously (11 mM KI medium of reference 13; 140 mosM). Its high-osmolarity counterpart is identical in composition except tor the presence of 0.4 M glucose (final osmolarity. 540 mosM). Cultures used in all experiments were started as 1:100 dilutions of stocks prepared daily. Growth was monitored by following the optical density (600 nm) of the culture with a Beckman DB spectrophotometer or by 952 PUTRESCINE UPTAKE IN E. COLI measuring colony-forming units as described previously (13) .
Mutagenesis. The parent strain was grown to 108 cells per ml in nutrient broth (8 g of Difco nutrient broth per liter, with 9 g of NaCl per liter). Cells were collected on Schleicher and Schuell B-6 filters, washed with tris(hydroxymethyl)aminomethanemaleate buffer (pH 5.5, reference 2) , and resuspended in the original volume of the same buffer. N-methyl-N'-nitro-N-nitrosoguanidine was added to 100 Mg/ml, and the culture was left without shaking for 20 min at 37 C. Cells were then collected on filters, washed, and resuspended in nutrient broth. This procedure produced a 60% reduction in viable cells.
Screening of mutants. Dilutions of the mutagenized K-12 stock were spread on 50 nutrient broth plates (8 g Procedure for measuring putrescine uptake. Cultures were grown at 37 C in low-osmolarity minimal medium to the optical density (600 nm) given in the legend to each figure, and a series of incubations with different concentrations of radioactive putrescine was carried out. Samples of 0.5 ml were mixed with 0.5 ml of low-osmolarity medium containing putrescine at levels such that the final 1.0-ml mixture was 2.5 to 100 MM putrescine. After incubation for 1 min at 37 C, cells were collected on membrane filters (45 um, Millipore Corp., type HA) and washed three times at room temperature with a total of 13 ml of 0.07 M NaCl. Radioactivity on the filters was determined in dioxane scintillation solution (13) , counting efficiency being 86% (Beckman LS-100C counter). For cultures grown in high-osmolarity minimal medium (0.4 M glucose), the protocol was similar except that high-osmolarity medium was used throughout and the washing solution was 0.27 M NaCl.
Adsorption was estimated by incubating ice-cold cultures of the various strains exactly as described above. Background counts increased linearly with the substrate concentration and were due only to adsorption to the filter. At 5 MM putrescine, adsorption to cells in low-osmolarity medium amounted to 8.8% of total uptake; at 75 MM putrescine, the adsorption was 22%.
The raw data were normalized to an optical density of 0.075 in the final incubation mixture, corrected for adsorption of radioactive putrescine, and converted from counts per minute to picomoles. For the parent strain in low-osmolarity minimal medium, an optical density (600 nm) of 0.075 corresponds to 6.5 x 107 cells per ml and 14 Measurement of exchange of internal putrescine. A culture of E. coli K-12 was grown to an optical density of 0.200 to 0.400 in minimal medium of low osmolarity, and 2 ml was then incubated for 15 min at 37 C with 0.2 MCi of ["'C ]putrescine. Cells were collected on a Millipore HA filter, washed with warm low-osmolarity medium, and resuspended in 20 ml of medium. Approximately half the culture was made 100 MAM with respect to putrescine; 1-mi samples were removed from both cultures at the times indicated and washed with 0.07 M NaCl, and the remaining intracellular "4C was determined. The protocol was similar for cultures in minimal medium of high osmolarity, except that high-osmolarity medium was used throughout and the samples were washed with 0.27 M NaCl.
For measurement of exchange after a reduction in external osmolarity, a culture in high-osmolarity minimal medium was incubated with ["C Iputrescine as described above; cells were collected and washed with warm medium of high osmolarity and resuspended in 20 ml of low-osmolarity medium. After further incubation for 10 min, several samples were removed for determination of intracellular radioactivity, and then 9.7 ml was transferred to a flask containing 100 MAM nonradioactive putrescine and sampled as described above.
Estimation of polyamine contents. For estimation of intracellular polyamines, cultures in minimal medium of low or high osmolarity were centrifuged at room temperature in a desk top centrifuge, washed in NaCl solutions of similar osmolarity (0.07 or 0.27 M), and centrifuged again. Pellets were then extracted in 0.2 N perchloric acid, and polyamines were dansylated and separated by thin-layer chromatography according to the procedures of Dion and Herbst (4 (Fig. 2) . This rate of uptake is equivalent to 4.2% of the internal pool per min (calculated from data in Fig. 2 Appearance of increased uptake capacity after sudden reduction in external osmolarity. When E. coli B is grown in nutrient broth, a sudden reduction of external osmolarity by 1,200 mosM leads to an approximately eightfold increase in putrescine uptake; however, this maximal rate is achieved only after 20 min (13) . Both E. coli B and K-12 continue logarithmic growth after a reduction in external osmolarity; however, in the absence of exogenous putrescine, the internal pool is expanded slowly over one to two generations of subsequent growth (13) .
We have investigated the stimulation of uptake with strain K-12 in minimal medium to determine whether enhanced uptake could help to expand the internal putrescine pool (Fig. 4) . Under conditions of continued growth in highosmolarity medium, the ability to take up putrescine was constant. Upon decreasing the external osmolarity, putrescine uptake was seen to increase over a period of at least 30 min. Assuming a pool size equivalent to that of high-osmolarity cultures (see Table 3 ), uptake at 10 min after the shift amounted to about 13% of the internal pool taken up per min. An exchange experiment started 10 min after the shift indicated that exchange could account for loss of only 2.9% of the pool (data not shown). Thus, most of the putrescine taken up remains within the cell and contributes to pool expansion under these conditions.
One obvious question is whether this enhanced transport capacity could be blocked by inhibitors of protein synthesis. A culture of E. coli K-12 was grown in medium of high osmolarity, and two fractions were centrifuged and suspended in low-osmolarity medium either with or without chloramphenicol (150 pg/ml).
The control culture achieved a new maximal rate of uptake after approximately 20 min; however, the transport rate remained constant for the culture containing chloramphenicol (data not shown). In other experiments, cultures were grown in media of either low or high osmolarity, and the cells were centrifuged and resuspended in media of the original osmolarity. Chloramphenicol had no effect on uptake of putrescine over the subsequent 25 min of incubation for either culture. Thus, chloramphenicol does not inhibit uptake in cultures which are adapted to media of either low or high osmolarity, but it can block the enhancement of uptake which accompanies a sudden reduction in external osmolarity.
Loss of increased uptake capacity after a sudden elevation in external osmolarity. A culture of E. coli K-12 was grown in low-osmolarity medium and then diluted into the same low-osmolarity medium or into medium of high osmolarity. In the original medium of low osmolarity, the rate of uptake was constant for the duration of the experiment (Fig. 5) . In medium of high osmolarity, the rate of uptake was depressed transiently but later returned to the rate characteristic of the low-osmolarity culture. The rate of transport then fell slowly over a period of at least 20 ,ement of the membrane or loss of ener-used to obtain and screen mutants are described ly important pools. The actual transport above. Since enrichment procedures were not ltus is probably not lost at this time since used, the mutant strains have not been selected ,tivity subsequently returns. Since loga-for any particular physiologic trait. Their c growth begins approximately 11 min growth rates in minimal media and nutrient he upshock, the final reduction in trans-broth were only slightly slower than for the ite is most probably due to growth of the parent strain (Table 3) . a and synthesis of new membrane which In Fig. 6 are shown data for putrescine uptake 3ome of the previous ability to transport in mutant strain PTR-42 in media of both low cine.
and high osmolarity. The solid lines represent transport activity shown at 10 min in Fig. uptake in the parent strain and are included for high as that of cells grown in low-osmo-reference. As would be predicted for these medium; however, after 10 min the inter-mutants, uptake in low-osmolarity medium was trescine pool is already reduced to that less than that of the wild-type strain. However, teristic of high-osmolarity cultures (13; uptake of putrescine in high osmolarity did not Munro, unpublished observations on appear to be affected in this mutant. Mutant K-12). Because the pool size has been strain PTR-47 behaved similarly. Md, the rate of putrescine uptake under Strain PTR-30 also exhibited decreased puconditions is 20% of the pool per min.
trescine uptake in medium of low osmolarity measure how much this rapid uptake (Fig. 6) . In contrast to strain PTR-42, uptake of expand the internal pool, an exchange putrescine in high-osmolarity medium was virment was performed on prelabeled cells tually abolished. n after transfer to high-osmolarity mePutrescine content and egress in the Only 3.8% of internal "4C was lost per mutants. All the mutant strains described lata not show). Thus, the rate of uptake is above contained normal levels of putrescine and control lines in Fig. 3 ). In two exchange experiments with 100 ,M external putrescine, strain PTR-30 in low-osmolarity medium lost 2.7 and 3.3% of internal "4C per min (3.0% average). In two similar experiments, strain PTR-42 lost 2.7 and 3.6%/min (3.2% average). In high-osmolarity medium, strain PTR-42 lost 3.7, 2.4, and 2.5% of internal 14C per min (average for three experiments, 2.9%/min). Strain PTR-30 could not be studied in this medium because of the low rate of active uptake (cf. Fig. 6 ).
Strains PTR-19 and 41 (not further described) differed in several respects from the other mutants. In low-osmolarity medium, the putrescine content of PTR-19 was significantly depressed ( Fig. 2 and 7) . Consid- Fig. 2). 0.400. Additionally, f6r cultures in low-osmolarity medium, the rate of [140Cputrescine loss in the absence of exogenous putrescine was higher than in the wild-type or other mutant strains; 70% of the intracellular isotope was lost to the medium in 20 min.
DISCUSSION
The uptake of putrescine by E. coli K-12 has been shown to depend on the osmolarity of the growth medium. To determine the kinetic parameters of this process, we replotted the data for putrescine uptake in low-osmolarity medium by the methods of Lineweaver and Burk (8) Fig. 7 , open symbols).
Several models can be proposed to explain Fig. 2 . Curve A is simply transposed from curve A in that figure. Data indicated by closed symbols were derived by subtracting the average uptake in high-osmolarity medium (43 pmol/min) from the uptakes in low-osmolarity medium. The line through the data in solid symbols was derived by a linear, least-squares calculation: K2 = 31.3 MM; V2 = 168 pmol/min. Curve B was then computed using K1 = 0,uM, V1 = 43 pmol/min, and K2 and V2 from the least-squares calculation. To investigate this possibility, the rates of total uptake in low-osmolarity medium were corrected for a constant V, of 4'3 pmol/min and replotted by the method of Hofstee (closed symbols, Fig. 7 ). The corrected rates of uptake correspond to a single straight line: K2, 31.3
AsM; V2, 168 pmol/min. These latter values and the Vmax in high-osmolarity cultures were then used to predict total rates of uptake in cultures of low osmolarity (curve B in Fig. 2 and 7) . The resultant curves are in reasonable agreement with the original data. Thus, one may tentatively offer the following hypothesis. One system of low VImax-low Ki,, and hence high affinity, is present in cultures of high osmolarity. In cultures of low osmolarity, this high-affinity system (HA system) is present but overshadowed by a new system of low-affinity (LA system, higher Vmax and higher Kin).
This hypothesis is strengthened by the occurrence of uptake mutants with two different phenotypes. A defect in the LA system would result in normal uptake of putrescine in highosmolarity medium but reduced uptake in lowosmolarity medium. Strains PTR-42 and -47l conform to this prediction (Fig. 6) .
Since the HA system would be operative in media of high and low osmolarity, a defect in this system should reduce uptake in both types of media. For strain PTR-30, uptake was virtually abolished in cultures of high osmolarity. The LA system in this mutant appears to be operative, although at a level less than the LA system of the parent strain.
Two separate transport systems offer the simplest explanation for putrescine uptake in medium of low osmolarity. Reid et al. (16) have presented several alternative explanations for nonlinear Lineweaver-Burk or Hofstee plots, and the following treatment is modeled on their analysis. The possibilities are: (i) the existence of a nonsaturable diffusion component in addition to a carrier, (ii) combination of a carrier with a metabolic step which results in intracellular appearance of a labeled metabolite, (iii) entrance of the transported compound into multiple intracellular pools or entrance into the cell followed by binding to intracellular components, (iv) the existence of an exchange-flux reaction for the radioactive substrate, (v) a single transport carrier which exhibits negative cooperativity.
The first possibility is not applicable since putrescine uptake clearly achieves saturation ( Fig. 2 and 7) ; the second is not applicable since putrescine is not metabolized to any significant degree in 1 Two pools of putrescine could exist in parallel and account for the kinetics of uptake in lowosmolarity medium. This alternative is an extension of the hypothesis for two separate systems and adds the further constraint that the two components transport putrescine to separate cell compartments. No evidence exists for this additional complexity.
An exchange-flux reaction for radioactive putrescine is the fourth possibility. If the Km of the exit process were higher than that of the entry process, then the velocity of putrescine uptake would appear to fall off at high external putrescine concentrations. The opposite is observed. If the Km for exit were lower than the Km for entry, such a system would generate a Hofstee plot similar to that observed in medium of low osmolarity. If one assumes one internal pool and 4.5% loss of that pool to the medium during 1 min of uptake (Fig. 3) , then less than about 3% of the isotope taken up could be lost again to the medium. Also, significant egress would most probably lead to the appearance of easily measurable quantities of endogenously synthesized putrescine in the medium. Contrary to this prediction, the parent strain and mutant strains PTR-30, -42, and -47 did not elaborate measurable extracellular putrescine. Thus, the observed rate of efflux is not of sufficient magnitude to alter the kinetics of putrescine uptake.
The last explanation offered as an alternative to multiple carriers would be the existence of a single system which exhibited negative cooperativity (7) . Binding of the first molecule of putrescine to the carrier would inhibit transport of additional molecules. Cultures in media of high osmolarity would also contain this single carrier; binding in this case would absolutely inhibit transport of additional molecules of substrate. Were there only a single carrier, a sudden reduction in external osmolarity should result in a rapid increase in uptake capacity. Contrary to this prediction, the rate of putrescine uptake increased only slowly (Fig. 4) . This time scale is more consistent with the synthesis of a new transport component than with activation of a cooperative enzyme system. Furthermore, a sudden elevation in extemal osmolarity should lead to a prompt and lasting reduction in transport activity. In contrast, activity was lost over a period of 30 min (Fig. 5) . Thus, negative cooperativity is an unlikely alternative.
Positive evidence for distinct transport systems includes (i) the success of the mathematical treatment in producing an apparent separation of LA and HA components and (ii) the existence of mutants which appear to have lost one or another of the two proposed components.
A third line of evidence for distinct transport systems would be the ability of chloramphenicol to block the appearance of the LA system. Chloramphenicol was shown not to affect transport by systems which are already expressed and hence probably does not exert a nonspecific effect through disruption of energy production or the general synthesis and remodeling of the membrane. This inhibitor could act specifically by disrupting synthesis of the LA component or could act less specifically by blocking the synthesis of a protein necessary for the activation, synthesis, or insertion of the LA component. The LA system probably does not arise by modification of binding sites on the HA system, since this latter system appears to retain full activity in cultures of low osmolarity. The simplest explanation is that chloramphenicol blocks the synthesis of the new transport component.
As mentioned previously, Simon et al. (17) reported an immediate reduction in the rate of putrescine uptake following sudden addition of NaCl, a result which might appear similar to the experiment in Fig. 5 . However, they employed nongrowing cells and studied only the HA component. Thus, their results are not similar to the gradual disappearance of the LA component shown in Fig. 5 .
It should be noted that mutations in genes other than those specifying the components of putrescine uptake can result in failure to concentrate this substrate. Strain PTR-19 was selected for this phenotype and showed drastic differences from the other mutants studied in both intracellular and extracellular putrescine levels and in the rate of loss of [1"C ] putrescine to the medium. The simplest explanation for the defect in this mutant would involve a primary perturbation in the membrane leading to loss of intracellular putrescine, such loss being accentuated when the intracellular putrescine pool is expanded by growth in medium of low osmolarity.
Other transport systems believed to consist of multiple components include those for K+, phosphate, neutral amino acids, tryptophan, lysine, cystine, and galactose in E. coli and for histidine in Salmonella typhimurium (cf. reference 15 for review). The multiple transport systems for L-methionine (6) deserve specific mention since this amino acid is a precursor of spermidine.
It seems unlikely that either component of putrescine uptake described here is primarily an uptake system for another polyamine or for a basic amino acid. Competition experiments with 10-fold excesses of these compounds did not result in the expected 90% inhibition of putrescine uptake. Some competition did occur, leading to the conclusion that both components are not absolutely specific.
The action of both the LA and HA components causes significant displacement of intracellular putrescine. In medium of high osmolarity, only the HA component should be active, and in this medium the rate of "4C exchange for strain K-12 (3.6% of the internal poxol per min) was similar to the rate of uptake (4.2%/min). Strain PTR-30 is probably deficient in the HA component and, although exchange could only be measured in low-osmolarity medium, the rate was reduced as compared with the parent strain (3.0 and 5.0%/min, respectively). Thus, the HA component results in exchange of intracellular putrescine.
The LA component probably also causes displacement of internal putrescine. Both the HA and LA components should be present for the parent strain in media of low osmolarity. Under these conditions, the total measured rate of "4C exchange was 5.0% of the internal pool per min, yet the rate of exchange due to the HA component (estimated as equal to the rate of uptake for this component) could account for exchange of only 1.9% of the internal pool per min. The LA component could contribute the exchange deficit of 3.1%/min. In support of this conclusion, the rate of exchange was reduced for strain PTR-42 in low-osmolarity medium (3.2%/ min vs. 5.0% for the control); this strain is deficient in the LA component.'
For the parent strain, the contribution of exchange reactions could be minimized only under conditions of rapid uptake and a reduced intracellular putrescine pool (Fig. 4 and 5 ).
The action of both the HA and LA components also requires the expenditure of metabolic energy. In high-osmolarity cultures, only the HA component is expressed, and transport could be significantly inhibited by both dinitrophenol and sodium azide. In low-osmolarity cultures, the LA component is the major system responsible for uptake, and again the inhibitors significantly reduced the rate of transport. Thus, both components are at least partially energy dependent.
Since the osmolarity of the medium influences the transport of putrescine, it is possible that external osmolarity would also affect the transport of many other organic compounds. Two lines of evidence may be directed against this possibility. First, growth in media of low external osmolarity should increase the uptake of other compounds structurally similar to putrescine; however, transport of a-aminoisobutyric acid, measured at 50 AM extemal concentration, was found not to be increased in such cultures (G. F. Munro, unpublished observation). Second, if transport of a large number of substrates were affected, then external osmolarity might have an especially striking effect in nutrient broth cultures. Nutrient broth cultures of high osmolarity should transport many compounds at reduced rates and might, therefore, grow relatively very slowly. However, growth rates of the parent strain and the mutants were not reduced in such cultures (Table  3) . Thus, no evidence exists for osmotic regulation of other transport processes.
The existence of rapid putrescine transport in cultures of low osmolarity further emphasizes the importance of putrescine in these cultures. In previous studies, the putrescine content of low-osmolarity cultures was shown to be very large (13) ; a large intracellular pool is required 2We are unable to account for the modest reduction in the rate of exchange for strain PTR-42 in high-osmolarity medium (2.9%/min vs. 3.6% for strain K-12). For the mutant, the LA component should not be present in high-osmolarity medium and, hence, a defect restricted to the LA component should not reduce the rate of exchange.
for rapid growth (10) . The LA system with its relatively high capacity could help to maintain such a pool.
